Abstract: In this paper, a novel non circular ROOTMUSIC algorithm for direction of arrival (DOA) estimation in monostatic MIMO radar is proposed. The properties of noncircular signals can be used to form a new virtual array, which enhances the angular resolution. Then a reducedimensional transformation matrix is designed to convert the received data into a lower dimensional space, and the DOAs can be obtained by Root-MUSIC algorithm. Compared with RD-ESPRIT method and Root-MUSIC algorithm, the proposed method has better angle estimation performance and handles more targets than RD-ESPRIT. Simulation results are presented to verify the effectiveness of the proposed algorithm. Keywords: DOA estimation, MIMO radar, non circular signal, ROOTMUSIC Classification: Microwave and millimeter wave devices, circuits, and systems 
neously transmit diverse waveforms and receive the reflected signals in similar ways, it has a lot of potential advantages over conventional phased-array array. DOA estimation is an important aspect in radar system [2] , and some DOA estimation algorithms have been proposed in monostatic MIMO radar. In [3] , the root finding technique based on Capon estimator is applied to DOA estimation, and the angle estimation performance is similar to RD-capon method. In [4] , a reduced-dimensional ESPRIT (RD-ESPRIT) method is proposed for DOA estimation, and the angle estimation performance can be improved slightly compared with ESPRIT method. In [5] , the root-MUSIC algorithm is also proposed for DOA estimation. However, all of the above mentioned algorithms do not consider the property of the transmitted signals. In [6] , it has been proved that the non-circular signals used in radar system has many advantages: improving angle estimation, radar detection and antijamming, etc. In this paper, a monostatic MIMO radar was considered with non-circular signals, and a non circular RootMUSIC (NC-ROOTMUSIC) algorithm for DOA estimation is proposed. Compared with RD-ESPRIT algorithm, the proposed method provides better angle estimation performance and detects more targets than RD-ESPRIT due to exploit the characteristic of the non circular signals.
Notation: ðÁÞ H , ðÁÞ T , ðÁÞ À1 and ðÁÞ Ã denote the Hermitian transpose, transpose, inverse, complex conjugation without transposition, respectively. denotes the Kronecker operator. argðrÞ denotes the phase of r. I K denotes a K Â K dimensional unit matrix.
Problem formulation
We consider a narrowband monostatic MIMO radar system equipped with M transmit antennas and N receive antennas. Both of the transmit array and receive array are half-wavelength spaced uniform linear arrays and all the elements are omnidirectional. At the transmit side, M different narrow orthogonal signals supposed BPSK modulated are transmitted simultaneously. Assuming that both the sizes of the targets and transmit/receive array are small enough compared with the distance between them. We also assume that the number of targets is known and there exists P uncorrelated targets. The DOA of the pth target is denoted by p . Then the output of all the matched filters in the entire receivers can be written as [4] XðtÞ ¼ AsðtÞ þ nðtÞ ð 1Þ
where A ¼ ½a 1 ; a 2 ; Á Á Á ; a P is an MN Â P steering matrix composed of P In order to exploit the characteristic of the non circular signals, the received signal data can be extended as
From Eq. (2), it can be included that the number of virtual array elements is twice as much as MIMO radar, which enlarges the aperture of the virtue array and increases the degree of freedom, i.e., the angle estimation performance can be improved and the number of the identified targets is more compared with RD-ESPRIT algorithm. However, the estimation of covariance matrix and its eigenvalue decomposition (EVD) relate to heave computation burden. It has been shown in [4] that the transmit-receive steering vector can be the linear transformation of these (M þ N À 1) distinct elements, which can be expressed as a t ðÞ a r ðÞ ¼ FbðÞ ð 3Þ
where bðÞ ¼ ½1; e j sin p ; . . . ; e jðMþNÀ2Þ sin p T is the steering vector of the uniform linear array with M þ N À 1 distinct elements. The transformation matrix F can be written as 
According to Eq. (3), the extended transmit-receive steering vector can be expressed as From Eq. (5), It can be observed that the extended transmit-receive steering vector can be turned into a lower dimensional space. According to the configuration of the transformation matrix F in (4), we have we can observe that the reduced-dimensional extended received data are equivalent to the received data of a 2ðM þ N À 1Þ elements linear array with weighting. Then the DOA can be estimated by the reduced dimensional extended data in (9). Consider the transmitted signal rðtÞ is non circular signal (BPSK), the signal vector sðtÞ is also a non circular vector, and its elliptic covariance matrix can be expressed as
where È ¼ diagð½e j 1 ; Á Á Á ; e j P Þ is a diagonal matrix, e j p 6 ¼ e j q ðp 6 ¼ qÞ is the arbitrary phase of the reflected signals. Thus, the covariance matrix of the reduced dimensional extended received data ZðtÞ can be expressed as
The eigenvalue decomposition of the extended covariance matrix can be written as
where U s is the signal subspace matrix consisting of the eigenvector corresponding to the P largest eigenvalues. U n is the noise subspace matrix consisting of the residual eigenvector. s and n are diagonal matrices containing the P largest eigenvalues and the residual eigenvalues, respec-tively. The dimension of the signal subspace is P, thus, the extended data allows to increase the observation space while keeping the dimension of the signal subspace unchanged. Then the extended steering vector can be expressed as
From the orthogonality of the extended steering vector and the noise subspace matrix, we have
The Eq. (14) can also be written as
where U n1 and U n2 are the two submatrices consisting of the first and the last MN rows of U n , which can be written as
Owing to h 6 ¼ 0, the Eq. (15) can be solved by finding the roots of the following polynomial
The Eq. (10) also can be calculated as [7] detðð Bð1=zÞD "
where J ¼ M þ N À 1. q k is the parameters of Eq. (19), which are calculated as given in [6] . Then the estimation of DOA is equivalent to finding the roots of the polynomial in Eq. (20). Then we can find the P roots which are nearest and inside to the unit circle, and the DOA of target can be derived as
whereẑ p is the pth root inside and closest to the unit circle of the polynomial in Eq. (20).
Simulation results
The monostatic MIMO radar system with M and N is considered, and the transmit array emits M orthogonal non circular signals. for the ith Monte Carlo trial. Fig. 1 shows the angle estimation performance of the proposed method against SNR compared with RD-ESPRIT algorithm [4] and root-MUSIC algorithm [5] , where M ¼ 6, N ¼ 6 and 100 Monte Carlo trials are used. There are P ¼ 3 targets located at 1 ¼ 0°, 2 ¼ 8°, and 3 ¼ À10°. From  Fig. 1 , it is indicated that the proposed method has better angle estimation performance than the RD-ESPRIT and root-MUSIC algorithm, especially at low SNR. The proposed method uses the properties of non-circular signals to enlarge the aperture of the virtual array, thus the angle estimation performance can be improved remarkably. Fig. 2 shows the probability estimation of source resolution against SNR compared with RD-ESPRIT algorithm and The maximum number of detection targets by RD-ESPRIT and root-MUSIC algorithm is M þ N À 2, i.e, both of them only can detect two targets with M ¼ N ¼ 2. Thus, both of them have failed to detect four targets. According the configuration of the virtual array in Eq. (9), it is easy to know that the maximum number of targets detected by the proposed method is 2ðM þ N À 2Þ. From Fig. 3 , we can observe that the DOAs of four targets are determined correctly by the proposed method. The proposed method can handle more targets than RD-ESPRIT and root-MUSIC.
Conclusion
A novel non circular ROOTMUSIC algorithm for DOA estimation is proposed in monostatic MIMO radar. The proposed method exploits the characteristic of non circular signals to enlarge the aperture of virtual array and increase the degree of freedom. Thus, the proposed method provides better angle estimation performance and can handle more targets than RD-ESPRIT and root-MUSIC algorithm.
